Laser machining processes are a new entrant and a rapidly evolving type of non-conventional machining process which allows the machining of complex geometries with high precision, surface quality and productivity in a wide range of materials. Thus, the need for creating a method has emerged that will help the laser machine operator to select the optimal process parameters. In this study an experimental investigation of the effect of the process parameters on the effectiveness of the laser engraving process was held. The examined process parameters were namely the average output power, the repetition rate, and the scanning speed. For this purpose 126 experimental samples, with various combinations of process parameters using a nanosecond Nd:YAG DMG MORI Lasertec 40 laser machine on a SAE 304 stainless steel plate were made. The measured criteria which evaluated the effectiveness of the process were the removed material layer thickness and the material removal rate.
Introduction
The laser engraving process is a non-conventional, non-contact machining process which is rapidly evolving due to its ability to perform high-precision machining of complex geometries on a wide range of materials. The laser machining processes are gradually gaining ground over the conventional machining processes because of the advantage that there is no contact between a cutting tool and the workpiece. This means the elimination of problems like wear or failure of the cutting tools and the need to replace them periodically, which increases the production cost. Additionally, the laser machining processes facilitate the micromachining of complex geometries in workpieces with small dimensions, which would be impossible in many cases with conventional machining due to limitations from the accessibility and the minimum size of the cutting tool [1] .
The basic working principle of the laser engraving process is that the laser beam machine generates laser pulses which provide a large amount of focused heat energy in the workpiece in order to cause the ablation of the material that has to be removed [2] . The manner and the amount of heat energy delivered to the material by the laser beam pulses can be changed by changing the basic process parameters, like the laser beam average power, the laser beam scanning speed, and the repetition rate of the laser pulses [3, 4] .
The main purpose of this project is the experimental investigation of how the laser beam machining process parameters (average output power, repetition rate, and scanning speed) affect the laser engraving of SAE 304 Stainless Steel by checking the resultant depth and the material removal rate. Laser machining processes are not as widespread as conventional ones because laser technology is at an early stage if we think that its evolution began in the early 1960s. Nevertheless, there are increasing number of research projects on laser machining providing solutions in tasks like the optimization of the generated surface quality, reducing energy consumption, increasing cutting speed, the machining of new materials, etc. Below are some research projects on laser beam machining.
Leone et al. [5] carried out an experimental research project to find the process parameters that play a decisive role in laser milling of aluminum oxide Al 2 O 3 using a 30 W Q-switched Yb:YAG fiber laser machine, to explain the way that process parameters affect the interaction between laser beam and material, and to find the result of changing the process parameters on material removal rate and the surface quality. Kochergin et al. [6] carried out an experimental study whose main purpose was to examine the correlation between the process parameters of the laser machine and the produced surface micro geometry. For the experiments a 50 W Fiber Laser machine with a 50 µm laser spot diameter was used, and the tested materials were titanium BT1-0 and steel 12X18H10T. The process parameters tasted in the experiments were the laser pulse power, the frequency of the pulses and the pulses scanning speed. Angelastro et al. [7] conducted a study about investigating how the process parameters and building strategy affect the result of direct metal laser deposition of 227-F Colmonoy nickel alloy. They used a CO 2 laser machine with a 0.3 mm laser spot diameter and a 10 mm thick plate of AISI304 steel as substrate material. Their samples were characterized in terms of roughness, adhesion, micro and macrostructure, porosity, microhardness and relative density and they performed an Analysis of Variance (ANOVA) in order to investigate the influence of the process parameters on the quality of the parts. Casalino et al. [8] performed an experimental investigation and statistical optimization of the process parameters of the selective laser melting process of the 18Ni300 maraging steel by using a Nd:YAG laser machine. They examined the hardness, the mechanical strength, and the surface roughness of the samples and showed that those values are correlated positively to the part density. Manninen et al. [9] investigated how the laser pulse length affects laser engraving effectiveness of 304 stainless steel. They used a 20 W Ytterbium Fiber Laser for the experiments. The only process parameter tested was the pulse duration in a range between 4 and 200 ns. The effectiveness of the laser engraving processes was checked by the following factors: high material removal rate, good visual quality of the machined surface, and low material temperature during the process.
Materials and Methods

Laser Engraving Process
In the laser engraving process a focused laser beam is scanned over the workpiece. The energy of each laser pulse is absorbed by the workpiece and this heats the material, causing melting and finally vaporizing to a gas [10, 11] . The phase transition from solid to vapor is referred to as an ablation process. As the evaporated material is ejected there is a material removal which finally gives the thickness of the single removed layer. By removing multiple layers of material with a different scanning pattern for each one, a 3D shaped surface structure can be produced [12] . Figure 1a presents a schematic illustration of the laser engraving process. The laser beam spot scans the workpiece material surface in a specific, predefined way (scanning strategy) and laser beam pulses are generated periodically, causing the ablation and the removal of the target material.
The material removal is affected by the characteristics of laser beam, the properties of the workpiece and the way they both interact [13, 14] . The workpiece properties depend on the material and the geometry, with the most important being density, melting-vaporizing temperatures, specific heat capacity, heat conductivity, latent heat of melting-evaporation, and absorptivity-reflectivity in solid-melting states [15] . The laser beam can be characterized by the laser machine parameters, such as laser type, wavelength, laser spot diameter, pulse duration, and the process parameters, such as average output power P, repetition rate F and scanning speed V. Figure 1b shows a picture of the removed material depth caused by 14 successive laser beam pulses in a SAE304 stainless steel workpiece. The picture was taken using a ContourGT-K 3D Optical Microscope. The engraving was performed with a DMG MORI Lasertec 40 machine with a nanosecond Nd:YAG lamp, 1064 nm wavelength and 30 µm laser spot diameter. The process parameters were average output power P = 3.5 W, repetition rate F = 20 kHz and scanning speed V = 500 mm/s.
Experimental Work
The main objective of this work is to investigate how the laser process parameters affect the removed material layer thickness and the material removal rate in the laser engraving process of AISI 304 stainless steel. For this purpose, experiments were carried out machining 4 mm × 4 mm square samples with a constant number of removed layers (50) with a total of 126 combinations of the three process parameters: average power P, repetition rate F, and scanning speed V. The experiments were performed using a DMG MORI Lasertec 40 machine and a 5 mm thickness SAE 304 stainless steel plate was used as the workpiece material. Figure 2a presents the exterior view of the machine while Figure 2b shows the table on which the workpiece is seated and the mirrors which direct the laser beams. The process parameters were varied as follows: six levels for scanning speed V (200, 300, 400, 500, 600, 700 mm/s), seven levels for the repetition rate F (20, 30, 40, 50, 60, 70, 80 kHz), and three levels for the average power P (8, 12, 16 W). The scanning strategy used on each layer was cross-hatching, as shown in Figure 3 . The track distance Td is the distance between two successive laser beam tracks, and the hatching distance Hd is the distance between two successive laser beam pulses in the same track. The track distance Td was set the same as the hatching distance Hd for the experiments and calculated by the following equation [16] :
where: Hd is the hatching distance; V is the scanning speed; F is the repetition rate; Td is the track distance. The overlap degree Od between two following laser pulses is a useful value. It shows how two successive laser beam pulses overlap each other and can be calculated from the hatching distance Hd and the laser spot diameter D by the following equation [16] :
where Od is the overlap degree; Hd is the hatching distance; D is the spot diameter. The removed material layer thickness Dz for each square sample was calculated by dividing the whole square depth (measured using the laser machine probing system) by the number of layers were performed (50 layers) as shown in the following equation [16] :
where Dz is the removed material layer thickness; Dzn is the whole square depth; n is the total number of layers. The material removal rate DV, the value that will determine the optimal processing parameters can be calculated for each combination of process parameters, be the following equation:
where DV is the material removal rate; V is the scanning speed; Td is the track distance; Dz is the removed material layer thickness. Figure 4 shows the produced workpieces with the different process parameters that were used. 
Results
Layer Thickness Dz
A laser machine probing system was used to measure the depth Dzn. Then the removed material layer thickness Dz was calculated for each sample using Equation (3) . The results are shown in Figure 5 . Some conclusions can be drawn from the above graphs about the dependence of the removed material layer thickness Dz on the tested process parameters: average power P, repetition rate F, and scanning speed V. The maximum removed material layer thickness Dz is 19.4 µm and it is observed for process parameters: average power P = 16 W, repetition rate F = 40 kHz, and scanning speed V = 200 mm/s.
Independently of the applied average power P the maximum removed material layer thickness Dz is observed for repetition rate F = 40 kHz and scanning speed V = 200 mm/s, and it is 7.8 µm for P = 8 W, 12.9 µm for P = 12 W, and 19.4 µm for P = 16 W. As far as the average power P is concerned, it is observed that increasing the average power P while keeping the repetition rate F and the scanning speed V stable increases the removed material layer thickness Dz. As for the scanning speed V, it is observed that decreasing the scanning speed V while keeping the repetition rate F stable increases the removed material layer thickness Dz independently of the applied average power P. With regard to the repetition rate F, three cases are distinguished, depending on the applied average power P. For the low average power P = 8 W, the removed material layer thickness Dz maximizes at the repetition rate F = 40 kHz independently of the scanning speed V. For the medium average power P = 12 W, maximizing the removed material layer thickness Dz while keeping the scanning speed V stable requires a repetition rate F in the range between 40 kHz and 60 kHz, starting with the value of F = 40 kHz for low scanning speeds and reaching the value of F = 60 kHz for high scanning speeds. For the high average power P = 16 W the same behavior is observed as for the medium average power but the repetition rate F range at this time is between 40 kHz and 80 kHz, starting with the value of F = 40 kHz for low scanning speeds and reaching the value of F = 80 kHz for high scanning speeds.
Material Removal Rate DV
The material removal rate DV of each square can be calculated using Equation (4) . The results are shown in Figure 6 .
Some conclusions can be drawn from the above graphs about the effect of the tested process parameters on the material removal rate DV. The maximum material removal rate DV is 0.0261 mm 3 /s and it is observed for process parameters: average power P = 16 W, repetition rate F = 20 kHz, and scanning speed V = 200 mm/s. Independently of the applied average power P, the maximum material removal rate DV is observed for repetition rate F = 20 kHz. For P = 8 W DV is 0.0118 mm 3 /s at scanning speed V = 600 mm/s, for P = 12 W it is 0.0172 mm 3 /s at scanning speed V = 700 mm/s, and for P = 16 W it is 0.0261 mm 3 /s at scanning speed V = 200 mm/s. As far as the average power P is concerned it is observed that increasing the average power P while keeping the repetition rate F and the scanning speed V stable increases the material removal rate DV. As for the scanning speed V, two cases are distinguished, depending on the applied average power P. At the low and medium average powers P = 8 W and P = 12 W, it is observed that increasing the scanning speed V while keeping the repetition rate F stable increases the material removal rate DV. At the high average power P = 16 W, for a repetition rate F in the range between 20 kHz and 40 kHz the material removal rate DV increases by decreasing the scanning speed V, while for a repetition rate F in the range between 40 kHz and 80 kHz the material removal rate DV increases by increasing the scanning speed V. With regards to the repetition rate F it is observed that decreasing the repetition rate F while keeping the scanning speed V stable increases the material removal rate DV. However, a differentiation presents itself in the case of high average power P = 16 W for scanning speed V between 400 mm/s and 700 mm/s: by decreasing the repetition rate F at the beginning, the material removal rate DV increases until it reaches its maximum value for F = 40 kHz, and then a downward trend is observed. 
Discussion
The purpose of this paper was to investigate the effect of the main laser machining process parameters (average output power, the repetition rate, and the scanning speed) on the effectiveness of the process. For this reason, a set of 126 experimental samples with various combinations of process parameters was made on a SAE304 stainless steel plate. The laser machine which was used was DMG MORI Lasertec 40. For each experimental sample, the removed material layer thickness was measured and the material removal rate was calculated; these were the criteria for the evaluation of the effectiveness of the process.
From the analysis of the experimental results many conclusions have been drawn which were analyzed in a previous section. In general, increasing the average output power P and decreasing the scanning speed V results in increasing the removed material layer thickness Dz. Moreover, increasing the average output power P, increasing the scanning speed V and decreasing the repetition rate F results in increasing the material removal rate DV. 
